Background: Neuron-microglia communication plays a crucial role in the motor neurons (MNs) death in amyotrophic lateral sclerosis (ALS). Neurons can express chemokine (C-X3-C motif) ligand 1 (CX3CL1), which mediates microglial activation via interacting with its sole receptor CX3CR1 in microglia. In the present study, we aimed to investigate the dynamic changes of CX3CL1/CX3CR1 axis during microglial activation and MNs loss in SOD1 G93A mouse model of ALS.
Introduction
Amyotrophic lateral sclerosis (ALS) is a chronic neurodegenerative disease characterized by the loss of both lower and upper motor neurons (MNs). Most ALS patients present progressive muscle weakness and atrophy, and eventually died within 5 years of the disease onset. At present, no therapy could delay the disease progression except riluzole and edaravone, which can extend some ALS patients' lifespan for only a few months. The etiology and pathogenesis of ALS are believed to be multifactorial, and the exact mechanisms have not been fully understood. Most ALS cases are sporadic, while around 10% of patients are familial. Identification of pathogenic genes for familial ALS has facilitated the research for key pathogenic mechanisms of this disease [1] . Cu/Zn superoxide dismutase 1 (SOD1) was the first gene identified to be associated with ALS, accounting for about 10-20% of familial ALS. SOD1
G93A mice carrying mutant human SOD1 gene develop similar symptoms and pathological features as ALS [2] , and this mouse model has been widely used in the field of ALS research.
Microglia play a dual role in the pathogenesis of ALS. On one hand, it has been reported that activated microglia contributed to MNs death in ALS mice via induction of inflammatory responses [3] [4] [5] [6] . Inhibition of microglial activation could ameliorate disease pathologies through the blockage of NF-κB signaling in SOD1 G93A mice [7] . On the other hand, one recent study has found that microglia can promote the recovery of MNs function in a mouse model of TDP-43 proteinopathy [8] . The cytotoxic or neuroprotective roles of microglia may be dependent on their phenotypes, M1 and M2 [9] . M1 microglia is characterized by the elevated expression of inducible nitric oxide synthase (iNOS) and cluster of differentiation 86 (CD86), and can usually reduce neuronal survival through the overproduction of reactive oxygen species (ROS) and pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α) and Interleukin 1β (IL-1β). M2 microglia is characterized by the expression of arginase 1 (Arg1) and cluster of differentiation 206 (CD206), which can enhance neuronal survival through the release of trophic and anti-inflammatory factors such as insulin-like growth factor 1(IGF-1) [10] . It has been speculated that M2 microglia may protect MNs through preventing neuroinflammation at an early stage, whereas M1 microglia induce MNs loss by promoting neuroinflammation during the late phase of disease [11] .
Communications between MNs and microglia are thought to play an important role in the pathogenesis of ALS [12, 13] . While microglia regulate MNs fates, MNs are also able to influence microglial activity through various mechanisms [14, 15] . For example, extracellular mutant SOD1 protein, predominately secreted from MNs, directly triggers microglial activation [14, 16] . Chemokine (C-X3-C motif ) ligand 1 (CX3CL1), also named fractalkine, is the only representative of the CX3C chemokine, being constitutively expressed by neurons. Strong neuronal excitation can cause fractalkine to be cleaved from the neuronal surface. This soluble form of fractalkine then interacts with nearby microglia which express low levels of CX3CL1 receptor CX3CR1 [17] . The dynamic changes in the expression of CX3CL1 in MNs and its receptor CX3CR1 in microglia may be involved in fundamental processes of neurons/microglia communication [18] . Disruption of CX3CL1/CX3CR1 axis could result in microglial activation and overexpression of IL-1β, TNFα [19] . Moreover, polymorphism of the CX3CR1 gene can influence the fate of ALS [20] . Until now, the dynamic changes of CX3CL1/CX3CR1 axis in the spinal cord anterior horn of ALS are not well-documented during disease progression. Therefore, in the present study, we aimed to examine the dynamic changes of CX3CL1/CX3CR1 axis and detected the microglial activation status and the related cytokines production in the anterior horn region of spinal cord in SOD1 G93A mouse model of ALS at the age of 40, 60, 90 and 120 days. The study outcome may help us understand the roles of CX3CL1/CX3CR1 axis in the disease progression of ALS and may provide new clues for ALS therapy.
Materials and methods

SOD1
G93A transgenic mice and their treatments Male SOD1 G93A transgenic (TG) mice overexpressing 20 copies of mutant human SOD1 with a Gly93Ala substitution (SOD1 G93A ) were obtained from Jackson Laboratories (B6SJL-Tg(SOD1*G93A)1Gur/J, stock number 002726). The hemizygous TG mice start to show a decrease of max running speed and abnormal gait from 50 days of age. Around 90-100 days of age, visible symptoms of hind limb paralysis could be found, followed by a complete hind limb paralysis around 125 days of age [21] . All animals were housed under standard conditions of constant temperature and controlled lighting (12/12 h light/dark cycle). TG mice were maintained as heterozygote by crossing TG males with wild-type (WT) females of the same C57BL/6 J genetic background. At 30 days, genotypes of TG mice were identified by PCR according to our previously reported protocol [22] . In order to exclude the possible impacts of gender difference on disease onset and lifespan [23] , only male TG and WT mice were used in the current study.
Anterior horn tissue separation and RNA extraction
According to the pathological stages of ALS [24] , male TG mice and their age-matched WT littermates were sacrificed at the age of 40 days (asymptomatic stage), 60 days (pre-symptomatic stage), 90 days (symptomatic stage) and 120 days (terminal stage). Then the mice were perfused through heart with ice-cold 0.1 M PBS. The lumbar spinal cord was separated on ice. The anterior horn region was prepared by cutting ventral half of the lumbar spinal cord and removing the tissues surrounding anterior horn that marked with the black line (as shown in Additional file 1: Figure S1 ) under the dissect microscope. The tissues were collected and stored at − 80°C. Total RNA was extracted from the anterior horns and lysed in RNAiso plus reagent according to manufacturer's instructions (Takara Bio, Japan). RNA concentration and purity were measured by UV spectroscopy.
Complementary DNA (cDNA) synthesis and quantitative real-time PCR (qPCR) cDNA was obtained by reverse transcription using the primescript RT reagent kit with gDNA eraser (Takara Bio, Japan) by two-step method. qPCR was performed with TransStart TOP green qPCR supermix (Transgen Biotech, China) using the Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific, USA). GAPDH was selected as an internal control for gene level. The primers sequences for qPCR were summarized in Table 1 . The relative level was calculated as 2 -ΔΔCt normalizing to GAPDH and relative to age-matched WT mice.
Frozen sections for immunofluorescent staining TG mice at 40, 90 and 120 days and age-matched WT littermates were sacrificed by perfusion through heart with ice-cold 0.1 M PBS and 4% paraformaldehyde (PFA). The lumbar spinal cords were removed and immersed in 4% PFA. After 12 h, the tissues were gradually dehydrated in 15 and 30% sucrose solution for 24 h, then embedded in Optimal Cutting Temperature Compound and cut into serial sections of 10 μm thickness in freezing microtome at − 25°C. Sections were attached to glass slides for immunofluorescent staining as previously described [22] . Spinal cord sections were baked for 30 min at 55°C and washed by 0.1 M PBS for three times, then blocked with 5% bovine serum and 0.3% triton in PBS for 1 h at room temperature. Sections were incubated with following primary antibodies overnight at 4°C: anti-NeuN (MAB377, 1:500, Millipore), anti-Iba1 
Cell counting
For CX3CR1
+ /Iba1 + , CD86 + /Iba1 + or Arg1 + /Iba1 + cell counting, five sections spaced 100 μm apart in each mouse were used and both sides of the anterior horn region (two views in one slide and at least five slides per animal) were captured at 200 × magnification. Then the total number of cells in both sides of anterior horn region was manually counted by a person who was blind to experimental design. Counts from both sides of anterior horn region were averaged and divided by the area in square millimeters. The average count from five sections was used as a single measurement per mouse for statistical analysis. The integrated density of CX3CL1 staining was measured by Image J software on all five sections per animal [25] . 
Statistical analysis
Data were expressed as Mean ± Standard deviation (SD). Statistical analysis was performed using statistical program for social sciences (SPSS) 22.0. Two-way ANOVA with Tukey post-hoc for multiple comparisons was used to determine whether significant differences existed between TG and WT mice at different time points. A p value of less than 0.05 indicates statistical significance.
Results
CX3CL1 was highly expressed in MNs and decreased during disease progression in TG mice
Dramatic MNs loss in the spinal cord anterior horn region is an important feature of ALS mice during disease progression [24] . The immunoflurescent staining showed that CX3CL1 was mainly expressed in MNs (Fig. 1a) , and no obvious CX3CL1 staining was observed on microglia or astrocytes of ALS mice at the age of 90 days (Additional file 2: Figure S2 ). Interestingly, the integrated density of CX3CL1 staining in MNs was elevated in the spinal cord anterior horn region of TG mice at 40 days but decreased accompanied with the MNs loss in the anterior horn region at the age of 90 and 120 days (Fig. 1b) . We further measured the mRNA level of CX3CL1. At 40 days of age, the mRNA level of CX3CL1 in the spinal cord anterior horn region of TG mice was 1.7 fold higher than that of WT mice; however, at 90 and 120 days, the mRNA level of CX3CL1 in the spinal cord anterior horn region of TG mice was significantly lower than that of WT mice (Fig. 2a) . Western blot also revealed similar dynamic change of CX3CL1 protein, as shown by the elevated level of CX3CL1 in TG mice at 40 days but declined at 90 and 120 days, as compared with age-matched WT mice (Fig. 2b, c ). All these data may predict a loss of CX3CL1 signaling in MNs during the pathogenesis and progression of ALS.
CX3CR1 was mostly located in microglia and consistently increased in TG mice at 90 and 120 days
As the disease progression, significant microgliosis and microglial activation could be found in the spinal cord anterior horn region of TG mice [26] . We found that the CX3CL1 receptor CX3CR1 was dominantly located in microglia and its expression was consistently increased together with microglial proliferation (Fig. 3a, b) . Moreover, compared with WT mice, CX3CR1 mRNA level did not increase as CX3CL1 did in the spinal cord anterior horn region of TG mice at 40 days, but increased significantly at 90 and 120 days (Fig. 4a) . Western blot also revealed a consistent elevation of CX3CR1 protein in the spinal cord anterior horn region of TG mice at 90 and 120 days compared with their age-matched WT mice (Fig. 4b, c) . The dynamic changes of CX3CR1 might be a consequence of direct microgliosis or a compensational response to CX3CL1 downregulation.
Imbalanced M1 and M2 microglial activation in the spinal cord anterior horn region of TG mice at 120 days
Accompanied by the impaired CX3CL1/CX3CR1 axis, the number of activated microglia was dramatically increased in the spinal cord anterior horn region of TG mice, evidenced by the immunoflurescent changes of M1/M2 microglia markers. The number of CD86 + /Iba1 + M1 microglia was increased at 90 days and further increased at 120 days ( Fig. 5a and b) , whereas the number of Arg1 + /Iba1 + M2 microglia was significantly increased at 90 days but declined in TG mice at 120 days ( Fig. 6a and b) . These results were further confirmed by qPCR, as shown by the increased mRNA levels (about 2.7-3.4 fold) of both M1 phenotype (CD86, iNOS) and M2 phenotype (CD206, Arg1) microglial markers in the spinal cord anterior horn region of TG mice at 90 days. Moreover, consistent with the microglial quantification analysis, at the age of 120 days, while M1 microglial markers (CD86, INOS) were persistently increased (about 6.2-11.0 fold higher than those in age-matched WT mice), mRNA levels of M2 microglial markers (CD206, Arg1) were reduced compared with those at 90 days of age (still significantly higher than those in WT mice) (Fig. 7 ). All these data may predict an altered M1/M2 polarization during ALS progression, as indicated by an activated M1/M2 microglia at 90 days and subsequently a relatively suppressed M2 polarization at 120 days.
Microglia play important roles in modulating neuroinflammation through secreting proinflammatory or anti-inflammatory cytokines. As proinflammatory and neuro-toxic cytokines, IL-1β and TNF-α are secreted by M1 phenotype microglia and cause neuronal cell death in most neurodegenerative disease. In contrast, as a neuro-protective cytokine associated with M2 phenotype microglia, interleukin-10 (IL-10) can inhibit the production of neuro-toxic factors by microglia to promote cell survival. Here, we found that the mRNA levels of IL-1β and TNF-α were increased by about 5.1-5.4 fold in spinal cord of TG mice at 90 days, and persistently increased by about 12.3-21.5 fold at 120 days, compared with age-matched WT mice (Fig. 8a, b) . Moreover, the IL-10 mRNA increased by about 4.4 fold at 90 days but reduced to about 3.0 fold at 120 days in TG mice compared with age matched WT mice (Fig. 8c) . These results were consistent with the data of microglial quantification and microglial markers determination and further indicate the imbalanced activation of M1/M2 microglia in the spinal cord anterior horn region of TG mice at 120 days.
Discussion
Microglia have been studied extensively for their roles in various neurodegenerative diseases including ALS. Their activation has even been considered as the "hallmark" of many neurodegenerative conditions. However, the exact roles of microglia in ALS are still under debate. Previous study reported that lower mutant SOD1 expression within microglia significantly extended the survival of LoxSOD1 G37R mice [27] , whereas a later study showed that the elimination of proliferating microglia couldn't prevent MNs loss in SOD1 G93A mice [28] . A latest research revealed that microglia could selectively clear neuronal hTDP-43, which was necessary for recovery of MNs function in a mouse model of TDP-43 proteinopathy [8] . Therefore, manipulating the function of microglia has the potential to improve ALS prognosis.
As the only member of the CXC subfamily of chemokines, CX3CL1 exists in two distinct forms: a full-length membrane-bound form and a shed form containing the N-terminal chemokine domain. The shed chemokine domain of CX3CL1 acts, when cleaved, as a signaling molecule and binds to microglial-expressed CX3CR1 receptor to modulate microglial activation [18] . Here, we found CX3CL1 was up-regulated in the MNs at early stage of ALS (40 days) but decreased at the later phase of disease (90 and 120 days) in ALS model. Simultaneously, the expression level of CX3CR1, the microglia-located sole receptor for CX3CL1, was increased at the age of 90 and 120 days, consistent with the alteration of CX3CL1. In addition, accompanied with this impaired CX3CL1/ CX3CR1 axis, microglia were consistently activated in the spinal cord anterior horn of ALS mice in a M1/M2 imbalanced manner.
Previous studies have shown that the impaired CX3CL1-CX3CR1 axis was usually accompanied by abnormal microglial activation in various animal models of neurological diseases [29] [30] [31] . It has been reported that CX3CL1 could attenuate LPS-induced microglial activation by inducing phosphatidylinositol-3 kinase pathway and reducing the production of nitric oxide (NO), IL-6, and TNF-α [32] . Microglial activation usually occurred when CX3CL1 was decreased [32, 33] . Moreover, CX3CL1 protein could be up-regulated in injured neurons to protect neurons against glutamate excitotoxicity and cell death [34, 35] . The deficiency of its receptor CX3CR1 could promote microglial activation and exacerbate MNs loss in ALS mice [36] . Here, we found a significant increase of CX3CL1 level in MNs of the anterior horn of ALS mice at the age of 40 days, while the TG mice showed neither obvious clinical symptoms nor MNs loss. We assumed that the increased CX3CL1 level might be the early sign of MNs degeneration, which may in turn affect the microglial function at the early stage of disease. After disease onset, there was a significant decrease of CX3CL1 immunoflurescent staining on remaining MNs in TG mice. It is likely that the CX3CL1 reduction after disease onset may reflect the abnormally reduced expression on MNs and MNs loss as well.
Microglial proliferation may result in CX3CR1 elevation at 90 and 120 days. Up-regulation of CX3CR1 may be also a compensation for CX3CL1 down-regulation in the spinal cord of ALS model. The function of CX3CL1/ CX3CR1 axis requires the coordination between CX3CL1 and CX3CR1 level, and the change of CX3CR1 alone may not be able to compensate for the function of CX3CL1/CX3CR1 axis. The impaired CX3CL1/CX3CR1 axis seems to be associated with microglial activation at ALS disease onset and might contribute to the disease progression. Further study on the molecular mechanisms of CX3CL1/CX3CR1 axis in regulating microglial activation might provide useful information to determine the value of CX3CL1/CX3CR1 axis as a target for ALS therapy.
Moreover, in the present study, we also found an altered microglial polarization during disease progression of ALS. Microglia are the resident immune cells of the central nervous system (CNS) and are the primary mediators of neuroinflammation. The activated microglia have been categorized into the classical M1 and alternative M2 phenotype based on their polarization status [9] . Activation of microglia is regulated by multiple extracellular and intracellular factors, cross talk between neurons and microglia could modulate M1 or M2 microglial activation during progression of ALS [37, 38] . It is believed that M2 polarization may be triggered as a protective compensation during the early stage of ALS, while a strong M1 polarization may be dominant during the later phases of the disease in ALS [38] . Adult microglia isolated from ALS mice at disease onset showed an M2 phenotype and protected MNs, whereas microglia isolated from ALS mice in end-stage of disease adopted a neurotoxic M1 phenotype [39] . Our present data Fig. 8 The changes of M1/M2 microglia related cytokines mRNA levels at different time points. a, b mRNA levels of two cytokines related to M1 microglia (IL-1β and TNF-α). c mRNA levels of IL-10 related to M2 microglia. The values are expressed as mean ± SD, *p < 0.05 versus age-matched WT mice, ** p < 0.001 versus age-matched WT mice, n = 5 in each group revealed that the dynamic changes of CX3CL1/CX3CR1 axis might be associated with alteration of microglial phenotype as ALS progression in the TG mice. CX3CR1 could regulate microglial phenotypes in a time dependent manner. During the early disease stage CX3CR1 may be a protective molecule. However, as disease progresses, it becomes harmful to neurons [40] . Although M1 microglia and pro-inflammatory cytokines were significantly increased at the age of 90 days, the increased M2 microglia and anti-inflammatory cytokines were paralleled with elevated M1 microglia. Thus, this balance between M1 and M2 microglial polarization may be result in stabilization of ALS at initial disease stage. Following the disease progression, the role of CX3CR1 is changed, and the balance between M1 and M2 microglia might be disrupted, as shown by a continuous increase in M1 microglia polarization and overproduction of pro-inflammatory cytokines, but a declined M2 microglia activation and decreased anti-inflammatory cytokines production. These results indicate that an altered M1/M2 microglial activation may contribute to the ALS progression, and reversing such imbalance between M1 and M2 microglia may delay the progression of ALS.
Conclusions
In conclusion, impaired CX3CL1/CX3CR1 axis and imbalanced M1/M2 microglial activation may play an important role in the pathogenesis and progression of MNs degeneration in ALS. Regulating CX3CL1/CX3CR1 axis and microglial activation may be a feasible option for future ALS therapy.
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